Construction of silicon neutron interferometers requires a perfect crystal silicon ingot (5 cm to 30 cm long) be machined such that Bragg diffracting "blades" protrude from a common base. Leaving the interferometer blades connected to the same base preserves Bragg plane alignment, but if the interferometer contains crystallographic misalignments of greater than about 10 nrad between the blades, interference fringe visibility begins to suffer. Additionally, the parallelism, thickness, and distance between the blades must be machined to micron tolerances. Traditionally, interferometers do not exhibit usable interference fringe visibility until 30 µm to 60 µm of machining surface damage is chemically etched away. However, if too much material is removed, the uneven etch rates across the interferometer cause the shape of the crystal blades to be outside of the required tolerances. As a result, the ultimate interference fringe visibility varies widely among neutron interferometers that are created under similar conditions. We find that annealing a previously etched interferometer at 800
Construction of silicon neutron interferometers requires a perfect crystal silicon ingot (5 cm to 30 cm long) be machined such that Bragg diffracting "blades" protrude from a common base. Leaving the interferometer blades connected to the same base preserves Bragg plane alignment, but if the interferometer contains crystallographic misalignments of greater than about 10 nrad between the blades, interference fringe visibility begins to suffer. Additionally, the parallelism, thickness, and distance between the blades must be machined to micron tolerances. Traditionally, interferometers do not exhibit usable interference fringe visibility until 30 µm to 60 µm of machining surface damage is chemically etched away. However, if too much material is removed, the uneven etch rates across the interferometer cause the shape of the crystal blades to be outside of the required tolerances. As a result, the ultimate interference fringe visibility varies widely among neutron interferometers that are created under similar conditions. We find that annealing a previously etched interferometer at 800
• C dramatically increased interference fringe visibility from 23 % to 90 %. The Bragg plane misalignments were also measured before and after annealing using neutron rocking curve interference peaks, showing that Bragg plane alignment was improved across the interferometer after annealing. This suggests that current interferometers with low fringe visibility may be salvageable and that annealing may become an important step in the fabrication process of future neutron interferometers, leading to less need for chemical etching and larger, more exotic neutron interferometers.
I. INTRODUCTION
Perfect silicon neutron interferometers (see Fig. 1 ) coherently split and recombine an incoming neutron beam using a series of Bragg diffractions. The macroscopic separation of the beam paths has led to many historically important experiments over the last forty years, including demonstrations of gravitational quantum interference, the 4π periodicity of Dirac spinors, violation of Bell-like inequalities, phase and contrast imaging, neutron holography, and more.
1-10 For a history of the field, see Ref. 11 . The required relative Bragg plane alignment of the splitter, mirror, and analyzer diffracting crystals (labeled S, M, and A, respectively in Fig. 2 ) has only ever been achieved by cutting neutron interferometers from a single float zone grown silicon ingot using a rotating diamond saw, leaving splitter, mirror, and analyzer crystal "blades" protruding from a common base. The interfera) Electronic mail: bjheacoc@ncsu.edu ometer is then etched in a mixture of hydroflouric, nitric, and sometimes acetic acids. For a good description of interferometer fabrication see Ref. 12 .
Neutron interferometers are typically etched iteratively by removing 10's of microns with each etch, then checking contrast by rotating a flat piece of fused silica between the splitter and mirror or mirror and analyzer blades. The resulting sinusoidal neutron interference signal can theoretically have 100 % contrast in the O-Beam (Fig. 2a) , where the contrast is given by the amplitude over the mean of the fitted oscillation. Etching is believed to relieve strain in the crystal caused by machining damage.
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However, as the total etching depth increases, the parallelism and uniform thicknesses of the crystal blades degrade due to uneven etch rates. If too much material is etched away, the contrast begins to drop. Additionally, it is well established that neutron interferometer contrast varies depending on where the incident beam strikes the splitter blade and for different wavelengths. We recently measured a variation in Bragg plane alignment across a 1 cm span of the splitter blade of another interferometer of up to 40 nrad, 13 a phenomenon suggested earlier by Ref.
14. This finding is confirmed here, as well as a variation in the blade thicknesses across the particular interferometer used in this experiment.
Interferometers constructed under similar conditions can show wildly different contrasts. Previously, machining accuracy was thought to be a major source of this variation. However, modern machining processes eliminate this as a possibility. This work demonstrates that the lack of reproducibility in interferometer construction is likely due to thickness variations of the interferometer blades from uneven etch rates as well as fluctuating or large (greater than 10 nrad) Bragg plane misalignments between the blades. We show that Bragg plane misalignment can be reduced by annealing the interferometer after fabrication.
II. BRAGG DIFFRACTION AND THE NEUTRON COHERENCE LENGTH
Because neutron beams have a spread in momentum space that is much broader than the angular acceptance for Bragg scattering from a perfect silicon crystal, called the Darwin width Θ D , the coherence length of a Braggdiffracted neutron wavepacket along the diffraction direction is given by the pendellösung length, which is about 50 microns for typical neutron wavelengths and first order Bragg diffraction. If machining inaccuracies or uneven etch rates cause the two beam paths in a neutron interferometer (Paths |I and |II in Fig. 2a ) to be displaced relative to each other outside of the pendellösung length, then the interferometer contrast suffers. This sets the machining tolerances for the interferometer blades, indicating that the parallelism, thickness, and spacing of the crystal blades should be uniform to a level much smaller than the pendellösung length.
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Bragg plane misalignments between diffracting blades of the interferometer can also cause contrast to suffer due to details of neutron dynamical Bragg diffraction by a perfect crystal. (For a complete description of dynamical diffraction see Refs. 11, 15, and 16. Dynamical diffraction can also be approached from a quantum information perspective. 17, 18 ) For subsequent diffracting crystals of the same thickness, interference peaks appear when all the phases of the momentum states making up the neutron wavepacket interfere constructively in the twice, or more, reflected beam. These peaks can be measured by rotating a refracting prism about the beam axis between blades of an interferometer. The prism slightly deflects the beam, and rotating the prism moves the refraction plane of the prism in and out of the diffraction plane of the crystal.
14,19,20 These interference peaks have an angular scale in the Bragg plane misalignment of δ = (HD) −1 ∼ 100 nrad, where H is the reciprocal lattice vector, and D is the crystal thickness. The same dephasing effect occurs in Mach-Zhender neutron interferometers, thus setting the misalignment tolerances of the Bragg planes in each blade of a neutron interferometer. For a generalized description of how interferometer contrast is affected by Bragg plane misalignments, see Ref. 13 . Additionally, a computational program outlined in Refs. 21 and 22 is able to accommodate thickness differences and different incoming momentum space beam profiles in a neutron interferometer.
To characterize the impact of annealing on Bragg plane alignment of the interferometer blades, we measured the interference structure of multiple Bragg diffractions in one arm of the interferometer as a function of rotation of a fused silica prism. 13, 14, 19, 20 In this way, we can directly see the relative Bragg plane alignment of the interferometer blades change by about 100 nrad after annealing as a shift in interference peak position. The structure of each interference peak is perturbed by unequal crystal thicknesses on the pendellösung length scale, and we find that the overall structure of each peak does not change with annealing. We are thus able to differentiate between the detrimental effects of unequal blade thicknesses and Bragg plane misalignments in the interferometer and show that the post fabrication annealing of the interferometer can improve the latter.
III. EXPERIMENT
This work was performed at the National Institute of Standards and Technology (NIST) Center for Neutron Research (NCNR). There are two dedicated interferometry beamlines at the NCNR. One beamline uses a 2.7Å neutron wavelength and a sophisticated vibration isolation system, the details of which can be found in Refs. 11 and 23. The second beamline has 2.2Å and 4.4Å neutron wavelengths available. A description of the second beamline can be found in Refs. 24 and 25. Both beamlines and all three wavelengths were used in this experiment.
To begin, smaller float-zone (Fz) grown, silicon-crystal samples (see Fig. 3 ) were annealed at a variety of temperatures before attempting to anneal the much larger inter- ferometer crystal. The samples were cut using a rotating diamond saw with fine grit size. None of the samples where etched but several of the samples where further refined using diamond turning machining where micron size cuts could be made. These samples were tested with both x-rays and neutrons. Unlike silicon crystals grown by the Czochralski (Cz) method, whose oxygen content causes strain in the crystal structure to increase with annealing, crystal planes become more highly ordered with annealing for Fz crystals. 26 X-ray stress analysis of the crystal surfaces was performed on several of the samples using the technique described in Ref. 27 . These results are summarized in Table I and one can see the reduction of surface stresses in the crystals after annealing.
The samples where annealed in a tabletop tube furnace. The annealing process consisted of placing the sample inside a 25.2 mm diameter quartz tube on end of which was connected to a vacuum pump. The quartz was inserted in the tube furnace and the temperature was ramped at a rate of 1
• C/min up to a set constant temperature. The sample was held at the set temperature for several hours then ramped down at the same 1
• C/min rate. The interferometer itself was annealed in a larger tube furnace with an inner diameter of 208 mm under constant argon flow at 800
• C for ten hours, not including ramping time. The ramping rate was 5
• C/min. Lapped Fz silicon crystal slabs were annealed in the furnace under the same conditions before attempting to anneal the interferometer. The full width half maximum of an untreated and an annealed sample is shown in Table I with the x-ray results from the smaller furnace.
The interferometer that was annealed uses the (111) Bragg reflection. In the past, the interferometer had exhibited maximum contrast of 23 % at 2.7Å. 28 Immediately before annealing, it was tested for contrast at 2.2Å and 4.4Å, though no visible contrast was found. When searching for contrast, an interferometer is translated vertically and horizontally along the splitter blade thus making a "contrast map" (see Fig. 7 ).
Before annealing, the interference structure of misaligning the mirror and analyzer blades, relative to the splitter, was studied by placing a fused silica prism between the splitter and mirror blades of the interferometer. The prism was placed so that its 6
• pitch was oriented at a right angle to the diffraction plane to within a few de- The results of the x-ray surface stress analysis σ xx and σ yy on several test samples. A high quality perfect silicon crystal, which had been etched by 50 microns, was used for comparison. If an annealing temperature is not provided, the measurement was made before the crystal was annealed. The uncertainties are indicated in the brackets. The full width half maximum (FWHM) of the reflected x-ray beam intensity is also compared. Narrower FWHM are indicative of better quality crystals. The stress measurements were performed with a x-ray diffractometer. The FWHM measurements were performed using a separate diffractometer with a silicon monochromator, except for those marked * , which were performed on a third diffractometer without a crystal monochromator. grees. By then rotating the prism about the beam axis, deflection of the beam from the prism enters the diffraction plane, which causes the same effect as rotating the analyzer and mirror blades relative to the splitter blade at the nanoradian level. The structure associated with this rocking curve has been studied in the past.
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The angular deflection in the diffraction plane caused by the prism is
where λ is the neutron wavelength; α is the pitch of the prism; φ is the tilt of the prism about the beam axis; and the sum is over the number densities N i and scattering lengths b i of each species. As the prism is rotated between the splitter and one of the mirror crystals with the other beam blocked, the reflected-reflected-transmitted (RRT) and reflectedreflected-reflected (RRR) beams are counted in 3 He detectors (Fig. 2b) . The position of the RRR peak is an average of the misalignment between the splitter and mirror blades and the splitter and analyzer blades. By adding the RRT and RRR beams together, we form the reflected-reflected (RR) beam, whose position is given by the Bragg plane misalignment between the splitter and mirror blades.
To describe the RR and RRR peaks, first we define two special functions:
The RR peak before and after annealing was fit to:
where A, B, ∆ M,S , and δ S,M are fit parameters; δ(φ) is given by Eqn. 1 as a function of the the prism rotation φ; and δ i,j is interpreted as the angular misalignment of the splitter, mirror, or analyzer blades (subscripts S, M , or A, respectively). Here ∆ M,S is given by the thickness difference of two blades scaled by the pendellösung length
where ∆ H is the pendellösung length, and the subscripts again refer to the crystal blades. The RRR peak was fit to
where A , B , ∆ A,S , and δ S,A are fit parameters, and ∆ M,S and δ S,M are taken from the best fits of the RR data (Eqn. 4). Both δ S,M and δ S,A carry the same constant offset from the unknown offset in the prism rotation. All the fits had 21 − 4 degrees of freedom; the reduced χ 2 were between 0.64 and 1.1.
Figs. 4 and 5 show the fitted functions for a few incident beam positions on the interferometer at 4.4Å. From these fits the misalignment of each of the crystal blades relative to the splitter plus any offset from the prism rotation is found. Additionally, the structure of the peak lends information on the difference in thickness between the interferometer blades through the ∆ i,j fit parameters. This effect can be clearly seen in the widening and double peak structure with in Fig. 4 as the interferometer is translated.
The Bragg plane misalignments before and after annealing are shown in Fig. 6a . Gradients in the Bragg plane misalignments drop from about 10 nrad/mm to less than 5 nrad/mm after annealing. The fused silica prism was left in place while the interferometer was annealed. This allowed us to measure a shift in the Bragg plane alignment of the splitter blade and the mirror and ana- lyzer blades of about 100 nrad from annealing, despite the absolute alignment of the prisms being unknown. The fitted ∆ i,j parameters can be seen as the worsening visible distortion in the RR peak, and less so for the RRR peak, as the interferometer is translated (Figs. 4  and 5 ). This indicates that the thickness difference of the mirror and splitter blades changes by about 20 % of the pendellösung length over 20 mm; this corresponds to about a 7 µm thickness difference, given the 34 µm pendellösung length for the (111) reflection at 4.4Å. The same is not true of the RRR peak, indicating that the mirror blade likely has a varying thickness. Alternatively, the mirror blade could be flat with the splitter and analyzer blades having a similar, distorted shape.
The technique of using the deflecting prism to measure Bragg plane misalignments only applies to one of the mirror blades, leaving the other unmeasured. We therefore cannot predict the contrast solely from the fits of the rocking curve interference peaks. The interferometer contrast is only a function of the difference in thickness between the splitter and analyzer blades and the two mir- ror blades separately. However, the mean count rate of an interferogram is at its highest when all four diffracting crystals have the same thickness. Before annealing, there was no contrast visible at 2.2Å or 4.4Å. After annealing, the interferometer was tested at 4.4Å and 2.7Å. There was up to 20 % contrast observed at 4.4Å after annealing. The contrast at 2.7Å was excellent, improving from 23 % 28 to 90 %. A contrast map is shown in Fig. 7 . Also shown in Fig. 7 is a contrast map of the previously highest-contrast interferometer at NIST. While the peak contrasts are similar, the range over which the contrast is high is larger for the the annealed interferometer. This implies that the annealed interferometer may be especially useful for phase imaging, where the incoming beam is much larger (typically ∼ 1 cm in diameter).
The better contrast at 2.7Å, compared to 4.4Å, for the annealed interferometer is likely due in part to the better vibrational and environmental isolation provided by the different facility. The more severe Bragg angle at 4.4Å (44.5
• versus 25.6 • ), also creates a larger path separation, rendering the interferometer more sensitive to vibrations. However, the dependence of contrast on wavelength may also be due in part to thickness variations across the interferometer blades. It is conceivable that the demonstrated thickness variation in the mirror blade that we measured at 4.4Å (Fig. 6b) is less pro- The peak contrast of the annealed interferometer is only slightly higher, but it shows high contrast over a wider spatial range.
nounced for the 2.7Å beam geometry.
IV. CONCLUSIONS
We have shown that annealing a neutron interferometer can refine Bragg plane misalignments enough to drastically improve contrast. While the Bragg plane alignment can be improved by annealing, the only way to fix thickness variations in the interferometer blades would be to remachine and etch the interferometer again. The variation in blade thickness is believed to be a principle cause of the lower contrast at 4.4Å, when compared to 2.7Å for the interferometer annealed in this work. It is possible that with the addition of annealing treatments to the neutron interferometer post-machining fabrication process, less etching will be required. If this is the case, then the annealing step may also prevent thickness variation in the crystal blades caused by deep etching depths, resulting in higher quality interferometers with blades that are more uniform and parallel and that have better Bragg plane alignment.
